Introduction
Chronic myeloid leukemia (CML) is a clonal disorder of hematopoietic stem cells (HSCs). The disease arises as a consequence of a rare mutational event resulting in a reciprocal translocation between the long arms of chromosomes 9 and 22. This creates the chimeric oncogene BCR-ABL with the protein product BCR-ABL, a tyrosine kinase with constitutive activity. BCR-ABL is responsible for the pathogenesis of CML 1,2 and therefore provides a target for therapy.
The current recommended first-line therapy for patients with chronic phase (CP) CML is imatinib mesylate (IM, Glivec; Novartis Pharma), 3 a rationally designed tyrosine kinase inhibitor (TKI) with impressive efficacy. The majority of newly diagnosed patients with CP CML will achieve a complete cytogenetic response (CCyR) with IM. 4 However, it is accepted that IM induces a state of minimal residual disease (MRD) rather than cure. Evidence for this is provided from clinical studies in which the number of patients sustaining a CCyR (63%) is fewer than the number achieving MDR (82%). 4 Furthermore, BCR-ABL transcripts remain detectable in the majority of patients, 5 and responding patients who discontinue IM are likely to suffer recrudescence of disease. 6 It is likely that CML HSCs are the source of MRD. A primitive population of viable CML HSCs can be isolated from patients with a CCyR after IM treatment for up to 5 years. 7, 8 CML HSCs are relatively resistant to IM, even at concentrations higher than those achieved in vivo 9 and are capable of reconstituting disease in mice. 10, 11 In addition to MRD, IM resistance is well documented with mechanisms including BCR-ABL mutations affecting IM binding, amplification of BCR-ABL, and reduction in effective intracellular concentrations of the drug by altered drug efflux or influx. [12] [13] [14] [15] More potent TKIs have been developed and include dasatinib (Sprycel; Bristol-Myers Squibb) and nilotinib (Tasigna; Novartis Pharma). 16, 17 These drugs show clinical benefit in IM-resistant CML. However, key problems remain: the primitive CML HSC is insensitive in vitro to dasatinib, nilotinib, and other TKIs [18] [19] [20] ; and none of the TKIs inhibit the T315I BCR-ABL mutation. In view of these limitations, we have explored other strategies with the aim of targeting the CML HSC and cells expressing BCR-ABL mutations.
The proteasome is an intracellular organelle providing a targeted mechanism for protein degradation via 3 catalytic specificities-chymotrypsin-like (CT-L), trypsin-like (T-L), and postglutamyl hydrolytic (PG). Through this protein degradation it is vital for cell cycling, adhesion, proliferation, and apoptosis. Cancer cells, including CML cells, have relatively increased proteasomal activity. 21, 22 This has been exploited by proteasome inhibitor (PI) therapy with antiproliferative and apoptotic effects demonstrated in a number of malignant cell types. 23 Bortezomib is a reversible and specific inhibitor of CT-L activity and is licensed for clinical use in mantle cell lymphoma and multiple myeloma. However, benefit is seen in other solid organ and hematologic malignancies. [24] [25] [26] [27] [28] The mechanism by which bortezomib induces apoptosis and inhibits proliferation has not been fully elucidated, though may involve nuclear factor B, 29, 30 cyclin-dependent kinase inhibitors, 31, 32 apoptotic mediators including BCL-2 family members, [33] [34] [35] [36] [37] and generation of reactive oxygen species. 38 A number of in vitro studies of PI in CML have been published. These studies used BCR-ABL ϩ cell lines both sensitive and resistant to IM and demonstrated antiproliferative and apoptotic effects. [39] [40] [41] In addition, the PI Z-Ile-Glu(OtBu)-Ala-Leucinal selectively inhibits colony formation by CD34 ϩ BCR-ABL ϩ progenitor cells. 41 Despite promising in vitro effects, there are little in vivo data. A phase 2 study has been published in abstract form, in which bortezomib was used in 7 IM-refractory or IM-intolerant patients; however, no cytogenetic responses were seen and no survival data were presented. 42 Here we aimed to establish the effects of bortezomib in CD34-enriched samples taken from patients with CP CML at diagnosis. We performed standard in vitro assays and demonstrate induction of apoptosis and inhibition of proliferation by bortezomib, with an effect on colony formation after long-term culture. In vivo evidence of an impairment of CML HSC function is provided with relatively poor engraftment of bortezomib-treated patient-derived CD34 ϩ CML cells. With a view to clinical application of our findings, we also assessed effects in cell lines expressing BCR-ABL mutations (with various degrees of TKI resistance) and considered synergy of bortezomib in combination with dasatinib.
Methods

Reagents
Dasatinib was stored as aliquots of 10 mg/mL in dimethyl sulphoxide and bortezomib (Millennium Pharma) as aliquots of 1 mg/mL in 0.9% NaCl. Both drugs were stored at Ϫ20°C and diluted in phosphate-buffered saline immediately before use.
Cell lines
Ba/F3 cells transfected with p210 and mutated (T315I, H396P, M351T) BCR-ABL (a gift from Dr Brian Druker, Howard Hughes Medical Institute, Portland, OR) were cultured (humidified incubator at 37°C and 5% CO 2 ) in RPMI-1640 medium (Sigma-Aldrich) supplemented with L-glutamine (2 mM), 10% fetal bovine serum, penicillin (10 5 units/mL), and streptomycin (100 mg/L; all from Invitrogen Ltd). Parental Ba/F3 (BCR-ABL Ϫ ) cells were cultured in similar conditions with the addition of recombinant murine interleukin-3 (IL-3, 10 ng/mL; Peprotech).
Patient samples
Patient samples were leukapheresis products taken at time of diagnosis with CP CML, with informed consent in accordance with the Declaration of Helsinki and approval of the National Health Service Greater Glasgow Institutional Review Board. The CD34 ϩ population was enriched using CliniMACS (Miltenyi Biotec) according to standard protocols, before storage as aliquots at Ϫ150°C. For particular experiments, CML CD34 ϩ samples were stained with CD34-allophycocyanin and CD38-fluorescein isothiocyanate (FITC; BD Biosciences) and sorted using a FACSAria (BD Biosciences) to obtain the CD34 ϩ 38 Ϫ population. CML CD34 ϩ samples were cultured (humidified incubator at 37°C and 5% CO 2 ) in serum-free media (SFM) consisting of Iscove modified Dulbecco medium (SigmaAldrich) supplemented with serum substitute (bovine serum albumin/insulin/ transferrin, BIT9500; StemCell Technologies), 2mM L-glutamine, 10 5 units/ mL penicillin, 100 mg/mL streptomycin, 0.1mM 2-mercaptoethanol, and 0.8 g/mL low-density lipoprotein (all from Sigma-Aldrich). SFM was supplemented with a 5 growth factor (ϩ5GF) cocktail of 20 ng/mL recombinant human IL-3 (rhIL-3), 20 ng/mL rhIL-6, 100 ng/mL rhFlt3-ligand, 100 ng/mL rh stem cell factor (all from StemCell Technologies) and 20 ng/mL rh granulocyte colony-stimulating factor (Chugai Pharma Europe) except where indicated (Ϫ5GF). "Normal CD34 ϩ " samples were CD34 ϩ -enriched non-CML leukapheresis products maintained and used as described for CML CD34 ϩ samples.
Cell counting and apoptosis assays
After retrieval from Ϫ150°C aliquot and an overnight incubation, cells were seeded in 24-well plates at 2.5 ϫ 10 5 cells/mL before drug exposure. After treatment, aliquots were removed and counted by trypan blue (Sigma-Aldrich) exclusion in triplicate. The remaining sample was then stained with annexin V-FITC and 7-amino-actinomycin D (7-AAD, ViaProbe solution; both from BD Biosciences) according to the manufacturer's recommendations. Flow cytometry (FACSCalibur; BD Biosciences) enabled distinction of viable cells (annexin V-FITC Ϫ , 7-AAD Ϫ ) from those in early (annexin V-FITC ϩ , 7-AAD Ϫ ) or late apoptosis (annexin V-FITC ϩ , 7-AAD ϩ ). All individual samples were analyzed as a minimum in duplicate. Except where documented, all results are expressed as a mean plus or minus SEM. Active caspase-3 was exploited as a marker for cells undergoing apoptosis. We used the FIX and PERM kit (Caltag Laboratories) before intracellular staining with anti-caspase-3-PE (BD Biosciences) according to the manufacturer's recommendations.
For combination assays, CML CD34 ϩ cells were treated simultaneously with bortezomib and dasatinib with a viable cell count established after 72-hour incubation. A checker square of drug concentrations was used to enable assessment of different fixed ratios of drug combinations.
Western blotting
After 24-hour culture in experimental conditions CML CD34 ϩ cells (1 ϫ 10 6 per sample) were resuspended in standard lysis buffer (50mM Tris [tris(hydroxymethyl)aminomethane], pH 7.5, 150mM NaCl, 5mM ethylenediaminetetraacetic acid [all from Sigma-Aldrich], and 1% Nonidet P-40 substitute [Roche Diagnostics]) containing a protease inhibitor cocktail (1 Complete mini-tab/10 mL of lysis buffer; Roche Diagnostics). For sodium dodecyl sulfate gel separation and semidry electrophoretic transfer, a Mini-PROTEAN and Trans-blot SD cell were used (both from Bio-Rad Laboratories). Ten-microgram samples (BSA Protein Assay Kit; Pierce) were loaded using a Laemmli sample buffer, with a molecular weight marker and separated on a 4% to 15% gradient gel (Bio-Rad Laboratories). After transfer onto a nitrocellulose membrane and exposure to a blocking solution (10% low-fat dried milk in Tris-buffered saline Tween 20), the membrane was incubated overnight at 4°C with the primary antibody of interest (anti-pan-actin, antiubiquitin, antiphosphorylated Crkl (pCrkl), anti-poly(ADP-ribose polymerase) [PARP] ; all from Cell Signaling Technology and at 1:1000 dilution). Membranes were labeled with the appropriate horseradish peroxidase-labeled secondary antibody (anti-mouse, antirabbit; both from Cell Signaling Technology and at 1:3000 dilution). After a series of washes in Tris-buffered saline Tween 20 and a short incubation with a chemiluminescence solution (ECLϩ; GE Healthcare Ltd), the images were developed onto photographic film (Kodak X-OMAT 1000). The membranes were then stripped of bound antibody using Re-Blot solution (Upstate) according to the manufacturer's recommendation.
Proteasome extraction and activity assay
The method for proteasome extraction and activity assay has previously been described. 22 Cells (10 7 ) were cultured in experimental conditions, washed in phosphate-buffered saline, and resuspended in fresh adenosine triphosphate/dithiothreitol lysis buffer. After sonication and centrifugation, the supernatant was collected and protein concentration calculated as previously described. Proteasome subunit activity was detected as release of 7-amido-4-methylcoumarin (AMC) from the fluorogenic substrates N-Succ-LLVY-AMC, Z-ARR-AMC, and Z-LLE-AMC (all from SigmaAldrich; used to measure CT-L, T-L, and PG activities, respectively). Excitation and emission wavelengths of 380 nm and 460 nm, respectively, were analyzed, using a dual-monochromator, multidetection microplate reader (SpectraMax M5). Fluorescence readings (arbitrary fluorescence units [AFUs]) were taken every 5 minutes for 35 minutes starting immediately after addition of the fluorogenic substrate. The linear rise in AFU per unit of time determined the rate of fluorescence release (AFU/minute). This technique was unsuitable for CML CD34 ϩ cells because of the large numbers of cells required.
CFSE tracking of cell division
CD34 ϩ CML cells were removed from storage in liquid nitrogen and exposed to 1M carboxy-fluorescein diacetate succinimidyl diester (CFSE; Invitrogen). This was considered day 0. After overnight incubation (day 1), cells were cultured (SFMϩ5GF) for 72 hours (day 3) in the following conditions: untreated; 5, 10, or 20nM bortezomib; 150nM dasatinib; and 100 ng/mL demecolcine (Colcemid; Sigma-Aldrich). Final analysis at day 3 was by viable cell counting and flow cytometry with anti-CD34-PE and propidium iodide (both from BD Biosciences). The use of demecolcine as an agent arresting cell-cycle progression aided identification of the undivided population and geometric calculation of subsequent division peaks.
Long-term culture-initiating cell assay
CD34 ϩ CML cells were cultured (SFMϩ5GF) for 24 hours in the following conditions: untreated; 10nM dasatinib; 10nM bortezomib; and both 10nM dasatinib and 10nM bortezomib. Cells were then overlaid on a preestablished, irradiated (80 Gy) stromal layer (M2-10B and S1/S1 fibroblasts) in myeloid long-term culture medium (Myelocult; StemCell Technologies). Cultures were maintained for 5 weeks with weekly half-medium changes. At this time, cells were harvested, counted, and transferred to Methocult media (StemCell Technologies) for colony-forming assays. Colonies were counted by light microscopy after 2-week culture. 
Engraftment of treated cells in mice
Software and statistical analysis
GraphPad Prism Version 4 was used to draw graphs and charts, calculate descriptive statistics, predict dose-response curves, and perform statistical analysis (Student t test). Proteasome activity assay data were analyzed with SpectraMax Pro 5. Synergistic effects were predicted by CalcuSyn (Version 2.0; Biosoft). This program derives a combination index at a set drug ratio using a median-effect method of Chou and Talalay. 43 A combination index of less than 1 indicates synergism; more than 1, antagonism; and 1, additive effect. Flow cytometry data were analyzed by CellQuest Pro software (BD Biosciences).
Results
Bortezomib is antiproliferative and induces apoptosis in CML CD34 ؉ patient samples CML CD34 ϩ cells were cultured in SFMϩ5GF in the presence and absence of bortezomib ( Figure 1A ). At each time point, the viable cell count and percentage of apoptotic cells were calculated. The effect of bortezomib did not vary significantly between different patient samples and the results were therefore pooled with mean plus or minus SEM established and dose-response curves predicted. The median inhibitory concentration (IC 50 ) was 8.8 plus or minus 0.7nM (n ϭ 5) at 24 hours, 7.6 plus or minus 0.4nM (n ϭ 3) at 48 hours, and 5.7 plus or minus 1.6nM (n ϭ 7) at 72 hours. The effect of bortezomib on the expansion of the CML CD34 ϩ cell population in SFMϩ5GF can be seen in Figure 1B . Samples (n ϭ 3) were seeded and analyzed at 24, 48, and 72 hours as described. CML CD34 ϩ cells (n ϭ 1) were also analyzed for the effects of bortezomib on cell viability in SFMϪ5GF with the IC 50 7.89 plus or minus 1.07nM (24 hours), 3.54 plus or minus 1.41nM (48 hours), and 4.13 plus or minus 0.18nM (72 hours). Furthermore, apoptosis was demonstrated with bortezomib exposure at 24-hour incubation by cleavage of the caspase substrate PARP ( Figure 1C) shown with Western blot and increased detection of intracellular activated caspase-3 by flow cytometry ( Figure 1D ). Dasatinib 150nM did not induce significant apoptosis at this time point by either method.
Bortezomib inhibits proteasome activity but does not affect BCR-ABL activity in CML CD34 ؉ patient samples
Evidence for proteasome inhibition in CML CD34 ϩ cells after 24-hour exposure to bortezomib was provided by the accumulation of polyubiquitinated proteins with Western blot. This effect was not seen with dasatinib 150nM alone (Figure 2A,C) . We used the presence of the adaptor protein pCrkl as a specific marker of BCR-ABL kinase activity. The detection of pCrkl by Western blot after 24-and 48-hour bortezomib and 24-hour dasatinib treatment is seen in Figure 2B . Despite significant effects on cell viability, there was minimal effect on BCR-ABL activity with either 10nM bortezomib (97% Ϯ 23% vs untreated cells) or 20nM bortezomib (73% Ϯ 5%) in contrast to dasatinib 150nM (23% Ϯ 10%)-results from 24-hour drug exposure, expressed as densitometry readings (n ϭ 2) using the ratio of pCrkl-actin bands shown as a percentage of the untreated sample (mean Ϯ SD).
Bortezomib is antiproliferative and induces apoptosis in the CML CD34 ؉ 38 ؊ population, although with minimal selectivity compared with equivalent non-CML cells CD34 ϩ 38 Ϫ cells were enriched from 3 CML patient samples. They were cultured in SFMϩ5GF with bortezomib and viable cell counts taken at 24 hours of drug exposure ( Figure 3A) . The IC 50 at 24 hours was 8.93 plus or minus 1.42nM. This was similar to the IC 50 of the unsorted CML CD34 ϩ cells. To illustrate this consistent effect on different cell populations, CML CD34 ϩ 38 Ϫ and CML CD34 ϩ 38 ϩ cells (n ϭ 3) were exposed to bortezomib for 24 hours and effects compared ( Figure 3B ). The IC 50 of bortezomib with CD34 ϩ 38 ϩ cells (8.18 Ϯ 0.64nM) was not significantly different from the CD34 ϩ 38 Ϫ population. Similar experiments were performed in duplicate using 2 non-CML samples. At 24 hours of drug exposure, the IC 50 was 10.18 plus or minus 1.85nM ( Figure 3C ), which was not significantly higher for CML CD34 ϩ 38 Ϫ cells. Although it is disappointing that bortezomib is nonselective and induces apoptosis in both CML and normal CD34 ϩ 38 Ϫ cells, this is the case for many agents currently used to treat hematologic malignancies.
The effect of bortezomib on differentiation and division of 3 different CD34 ϩ CML patient samples cultured in SFMϩ5GF was assessed by flow cytometry with CFSE, anti-CD34-PE, and propidium iodide staining. After 72-hour culture, the majority of remaining viable (propidium iodide-treated) and untreated CD34 ϩ cells had undergone 3 or more divisions. With bortezomib or dasatinib exposure, residual viable cell numbers were reduced (in line with results from Figure 1A ) and those cells surviving had undergone relatively few divisions ( Figure 3D ). To compare between untreated and drug-treated cells, the total number of viable, undivided, and therefore quiescent cells remaining in culture, a recovery calculation was made ( Figure 3E-F) . This was based on viable cell count, CFSE, CD34, and propidium iodide staining. By this technique, it was seen that the total recovery of cells was reduced relative to control in all conditions; however, the recovery of quiescent cells was not affected. This assay is able to quantify the numbers of CD34 ϩ and undivided/quiescent CD34 ϩ cells remaining after drug exposures but is unable to assess function in cells exposed to dasatinib versus bortezomib. This has been assessed using long-term culture-initiating cell [LTC-IC] and engraftment of NOD-SCID mice.
Bortezomib reduces long-term colony formation and inhibits engraftment of BCR-ABL ؉ cells in mice
We used 2 established techniques to assess the effect of bortezomib on stem cell function-LTC-IC and engraftment of treated cells in NSG mice. For LTC-IC, CD34 ϩ CML cells were exposed to experimental conditions and cultured for 5 weeks in the presence of stromal cells. Colony formation was then measured after 2 more weeks of culture. Two different CML samples were treated in this way (in duplicate), with results shown in Figure 4A . Relative to untreated cells, colony formation was reduced in the bortezomibtreated arms (bortezomib alone: 15.5% Ϯ 11.7%, combination:
6.7% Ϯ 2%). It is important to note that the apparent increase in colonies with dasatinib alone (298.6% Ϯ 119.0%) is not statistically significant because only 2 CML samples were assayed. However, over 24-hour culture in the presence of 5GF, the stem cells present in the no-drug control may have undergone 1 or more divisions and thereby lost their LTC-IC potential, leading to a lower number of colonies in the untreated control, compared with the number of colonies present at baseline (ie, before the 24-hour culture). Furthermore, the presence of dasatinib, which is antiproliferative without inducing apoptosis, will have prevented stem cell division over the 24-hour culture (as we have published before for 72-hour cultures 44 ). Taken together, the culture conditions are likely to reduce the colony number in the no-treatment arm and to therefore produce an apparent increase in colonies for dasatinib.
To investigate the potential in vivo significance of this, CML CD34 ϩ cells taken from 3 different patients and each exposed to 4 different experimental conditions (no-drug control, bortezomib, dasatinib, and the combination) were injected into sublethally irradiated NSG mice (4 mice per arm ϫ 3 experiments ϭ 48 mice). Engraftment of human CD45 ϩ cells was assessed at 6 weeks in surviving mice in peripheral blood, bone marrow (BM), and spleen. Mean plus or minus SEM CD45 ϩ cell engraftment of BM at 6 weeks was 12. levels of engraftment, with statistical significance (2-tailed t test) achieved when comparing untreated cells with bortezomib alone (P ϭ .005) or in combination with dasatinib (P ϭ .002). No significant difference was seen between untreated control and cells treated with dasatinib alone. The percentage of human CD45 cells obtained from mouse BM at 6 weeks is shown in Figure 4C . BCR-ABL remained detectable by Q-PCR in those cells recovered from mice that underwent transplant ( Figure 4D ). Although there was a trend to lower BCR-ABL/BCR ratios in the combination arm, this did not achieve statistical significance (P ϭ .114 vs no-drug control). Because transcript numbers per cell can vary, we performed D-FISH on the purified human CD45 ϩ cells from each treatment arm. A high proportion of engrafted human cells were BCR-ABL ϩ , confirming that this technique does indeed detect leukemic HSCs ( Figure 4E ).
Dasatinib and bortezomib act synergistically against CML CD34 ؉ cells in vitro
CML CD34 ϩ cells (n ϭ 3) were cultured in SFMϩ5GF and exposed simultaneously to a combination of bortezomib and dasatinib. Cell counts and flow cytometry were performed at 72 hours to assess the effects on cell viability. This time point was chosen as preliminary experiments demonstrated that earlier time points underestimated cell death induced by dasatinib. Dasatinib was chosen for these experiments as a potent and clinically available TKI that our group has previously shown to inhibit BCR-ABL more strongly than IM in CML CD34 ϩ cells. 18 For the final analysis, 3 different samples were examined in duplicate at comparable fixed ratios of bortezomib-dasatinib. The reduction in viable cell count compared with the untreated sample was converted to a reciprocal "effect" as is conventionally required for data interpretation. The data were analyzed using CalcuSyn and significant synergy was demonstrated in these samples at all 3 drug ratios and at all 3 end points, including lethal dose 50% (LD 50 ), LD 75 , and LD 90 (Table 1 ; supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). The likely explanation for our ability to demonstrate significant levels of synergy between bortezomib and dasatinib against bulk CD34 ϩ cells but not against either LTC-IC or NSG engraftment is as follows. Bulk CD34 ϩ cells, although containing CML stem cells, are not highly enriched for stem cell activity. Therefore we see significant effects for dasatinib alone, for bortezomib alone, and for the drugs used in combination. Furthermore, using bulk CD34 ϩ cells we were able to explore multiple drug combination ratios, including relatively low drug concentrations. Importantly, we did not demonstrate antagonism for this drug combination at any ratio. For the functional work (ie, LTC-IC and NSG engraftment), although bulk CD34 ϩ cells were exposed to the single drugs and the combination, only the most primitive stem cells are able to "readout" in these assays. Furthermore, the complex nature and larger cell requirement of these assays meant that we had to select limited time points for drug exposure and were not able to explore the range of drug combination ratios used in the synergism experiments. In particular, the few concentrations of bortezomib selected for these experiments were too high to allow any synergistic effects to be revealed. In this setting, we saw a predominant effect from bortezomib with little/no additional effect from dasatinib. The lack of effect from dasatinib against this very primitive CML stem cell population is expected and has been reported previously by ourselves and others. 18, 45 Linear rises in AFU, consistent with AMC release representing the 3 different proteasome subunit enzyme activities, were detectable in BCR-ABL ϩ Ba/F3 cells ( Figure 5C ). Interestingly, there was a significant difference in the basal PG and CT-L activity when p210-Ba/F3 cells were compared with the BCR-ABL ϩ mutants ( Figure 5C ), with p210 demonstrating the lowest values. In all 4 cell lines, the CT-L activity was reduced by 36% to 47% with 24-hour exposure to bortezomib 20nM, consistent with the known activity of this drug ( Figure 5D ). Despite 53% to 64% residual CT-L activity, significant apoptosis was demonstrated with this dose (Figure 5A-B) , suggesting a threshold effect.
Bortezomib induces apoptosis in BCR-ABL
Discussion
The current recommended treatment for the majority of patients with CP CML is IM. There is accumulating evidence that the majority of patients respond to this drug and achieve the therapeutic milestone of a CCyR. However, it is estimated that in patients with undetectable BCR-ABL transcripts by PCR, up to 10 6 leukemia cells may remain. 47 As a consequence of MRD, it is recommended that TKI treatment be continued indefinitely. The safety of discontinuing IM in those with sustained undetectable BCR-ABL is the focus of a clinical trial (STop IMatinib study); however, preliminary evidence reveals the significant risk of disease relapse. 16 The source of MRD in IM-treated patients is presumed to be the CML HSCs. These cells are relatively insensitive to TKI. Furthermore, the development of TKI-resistant BCR-ABL mutations is a cause of primary and secondary treatment failure. In particular, T315I is resistant to all available TKIs, and there is concern that selection pressure may result in this mutation becoming more prevalent.
The proteasome is an attractive target for cancer therapy and there has been expansion of the clinical use of bortezomib, to date the only licensed PI. There is published evidence that BCR-ABL expression is associated with increased proteasome activity; primitive CML cells express higher levels of BCR-ABL than their more mature counterparts and BCR-ABL ϩ cell lines are susceptible to PI. 18, 22, 39, 40 We have extended this work to demonstrate that CD34-enriched samples taken at diagnosis from patients with CP CML undergo apoptosis in SFMϮ5GF with bortezomib exposure. This effect was replicated in 7 different patient samples and the drug was consistent in its effect. BLOOD, 18 MARCH 2010 ⅐ VOLUME 115, NUMBER 11
For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Pharmacokinetic data are available from a series of myeloma patients treated with 1.3 mg/m 2 (standard dose) that would support the claim that such concentrations are easily achieved in vivo. 50 The level of proteasome inhibition achieved in the BM may be up to 50% less than that of the peripheral blood, although this claim is based on examination of small numbers of patients. 28 We used an established technique to isolate the CD34 ϩ 38 Ϫ cells from patient samples. This population contains the primitive and quiescent HSCs that are resistant to current therapies. We demonstrate for the first time that these cells are sensitive to the apoptotic effects of bortezomib at comparable concentrations to those achieved in vivo. These data are in concordance with published observations of the sensitivity of CD34 ϩ 38 Ϫ acute myeloid leukemia cells to the PI MG132. 51 We also show that bortezomib treatment, either alone or in combination with dasatinib at clinically relevant concentrations, markedly reduces the capacity for long-term colony formation-consistent with an effect on the primitive HSC population. Finally, we demonstrate that bortezomib treatment leads to a significant reduction in the engraftment potential of human CD34 ϩ CML cells. It is important to note that within this reduced population of cells, there remained detectable BCR-ABL. This is consistent with the detection of a small number of undivided and viable cells at 72 hours of drug exposure by CFSE tracking experiments. These results would indicate that although a marked decline in primitive BCR-ABL ϩ HSC numbers has been achieved, they have not been eradicated after a single exposure to bortezomib. Relevant further experiments to assess the effects of cyclical exposure, consistent with the recommended dosing of this drug, have not yet been performed.
Clinical trials with bortezomib have shown that reversible hematologic toxicity (in particular severe thrombocytopenia) is very common. We show that nonmalignant CD34 ϩ 38 Ϫ cells are susceptible to the apoptotic effects of bortezomib, with IC 50 values very similar to those of the CML HSCs. We could find no published data of the effects of bortezomib in this specific cell population. Other groups have used, as a control population, nonmalignant CD34 ϩ enriched cells (IC 50 , 11.3nM by granulocyte-macrophage colony-forming unit and Ͻ 20nM by proliferation assays 41, 49 ) and peripheral blood lymphocytes (ϳ 5% apoptosis with 50nM by annexin V staining 52 ) . The toxicity we demonstrate is concerning; however, the reversible nature of the severe cytopenias seen in Samples examined by cell counting and flow cytometry to obtain viable cell counts at 72-hour exposure to both drugs, which were added simultaneously at the beginning of the experiment. Drug ratio is bortezomib to dasatinib. Combination index is expressed as mean Ϯ SD from samples (n ϭ 3) examined in duplicate and the r values are expressed as a range. All figures are derived from CalcuSyn software (Biosoft). P = .003 P < .001 P = .003 P = .010 patients may reflect an improved recovery of this population relative to malignant cells. It is noted that in phase 1 doseescalation studies using more intensive regimens, the dose-limiting toxicity was hematologic. 53 An established technique to ameliorate toxicity of chemotherapy is to use drug combinations. We speculated that TKIs may provide additional benefits to bortezomib treatment in view of the presence of residual BCR-ABL kinase activity in PI-treated cells. We demonstrate that bortezomib and dasatinib are synergistic in inducing cell death within bulk CD34 ϩ CML cells using concentrations of both drugs that are easily achieved in vivo. Synergism could not be demonstrated in LTC-IC or NSG mouse engraftment. Because one drug of the combination, dasatinib, is ineffective in inducing apoptosis in CD34 ϩ 38 Ϫ cells or inhibition of LTC-IC and NSG engraftment, synergism would be unlikely. Furthermore, the limited number of replicates and concentrations used also reduced the chance of showing synergism.
Our results add to the evidence published previously that IM resistance does not appear to influence bortezomib sensitivity. In particular, we show that specific mutations of BCR-ABL are equally sensitive to apoptosis, including T315I. This is of clear relevance as there is no current licensed therapy available for patients with this mutation. Such results can be compared with those generated using the aurora kinase inhibitor MK-0457 and homoharringtonine. 54, 55 Interestingly, we show for the first time that the proteasome subunit activity may vary among different BCR-ABL mutations and this is not thought to be because of different BCR-ABL protein levels (data not shown). We plan to investigate this further using more specific assays of proteasomal subunit activity applied to TKI-resistant patient samples.
In conclusion, bortezomib is antiproliferative and induces apoptosis in human CML and normal cells and appears to have effects on the primitive stem cell population-believed to be a source of residual disease in TKI-treated patients. Potential toxicities associated with this drug may be bypassed by combining it with dasatinib or alternative TKI. Bortezomib is also effective in the presence of TKI-resistant BCR-ABL mutations. With these 2 key findings, we believe that PI should play a future role in the treatment of patients failing current therapies.
